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Developmental changes in bioenergetic traits of larval Decapoda are reviewed, comparing
subsequent stuyges of 4 moult cycle. larval instars, or different taxa thal are considered {o
represent 4 phylogenetic sequence. Recent data siggest that some developmental trends in
cnergy partitioning might be similar on alt these levels of comparison. These tendencies
imply: decreasing instantaneous growlh rales, increaving melabolic loss, decreasing, net
growth efficiency, and an incteasing dependence an energy reserves accumulated in earlier
stuges of development. They are interpreted uy signs of un increasing degree of lecithotro-
phy in late stages of a muull cyvele. late inntars of larval development. or in evolutionary
advanced taxa within a phylogenetic sequence, respectively. Biochemical changes suggest
a developmental shift in predorminant growth mechamsms, from hypertrophy (enlargement
of average cell size during development, accumulation of lipid reserves) taward hyperplasy
(increase in cell number, pratein accumulalion). Within & moult cycle, the Jatier phase
hecomesinprincipleindependeninfexternal encrgy supply. when acritics) point (the 'point
of reserve saturation”, or *Dy threshold ), has been passed. Such g bioenergetic transition,
from a phase of energy accumulation o une of epidermal reconstruction, can vccur alyo
between successive instars of development: in hermit crab develapment, the megalopa
reaches metamorphosis exclusively with energy accumulated by preceding instars. This
mode of development. termed secondary lecithotrophy, is interpreted 2s an adapiation to
extremely specialised habuat requirements(here: amolluscshell). In the sequence Caridea—
Astacidea~Anomura-Brachyura. there isanincreasing trend in the average carbon/nitrogeén
rativ of larvae. This suggests an evolulionary tendency in the larval development of the
Decapoda loward anincreasing lipid conlent and possibly . increasing degrees of secondary
lecithutrophy and habitar specialisation. It corresponds with decreasing trends in the
number and variability (the latter both in relation to number and morphology) of larval
instars, and an increasing degree of morphological change during development. [ Crus-
tacea, Decapoda, larval development, mouwli evele, bioencrgetics, growtl mechanisms,
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The biocnergetics of an organism can be
defined through the construction of an cnergy
budget that quantifies the tate ol nutritional
energy (Ivlev, 1945; Warren and Davis, 1967:
Welch, 1968). The partitioning among the
major energy flows (lissuc and exuvia produc-
tion, respiratory and cxcretory losses) in
crustaceans is illustrated in a schematic dia-
gram that treats these flows as black boxes
(Fig. 1). While bioenergetic aspects have been
studied in great detail in adult Crustacea, those
of their larval stages are much less known. In
the present revicw, 1 summarise recent ad-
vances in our efforts to open in larval decapod
crustaccans those black boxes, and so under-
stand in morc detail how they funclion inter-
nally, how they are connccied among cach
other, and how such biocnergetic traits may
change during development,

Only two decades ago, virtually nothing wus
known about uptake and partitioning of nutri-

tional energy in decapod larvae reared under
controtled conditions in the laboratory. First
quantitative data on feeding and growth were
published by Reeve (1969) and Regnault (1969),
who studied caridean shrimp larvae. Respiration
rates had already been measured by Zeuthen
(1947) in an unidentificd zoea larva, and later by
an increasing number of authorsin various larval
decapod species (Schatzlein and Costlow, 1978),

Mootz and Epifanio (1974) presented the
first fairly complete encrgy budget for a larval
decapud, the crab Menippe mercenaria. This
study was followed by sn increasing number
of others that provided more or less complete
information on energy partitioning in larval
prawns, lobsters, anomurans, and brachyurans
(Table 1). Most of these budgets have in com-
mon that they account for only gross changes
during larval development, presenting ‘aver-
age’ flow values for subsequent instars. Haw-
ever, each larval instar undergoes during its
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mouli cycle a number of anatomical, physiologi-
cal and biochemical changes that are controlled by
hormonal processes (Christiansen, 1988). Hence, a
much higher temporal resolution in sampling and
measuring protocols, and consequently, consider-
ably increased experimental and analytical cfforts
are necessary to study changes in energy partition-
ing of decapod and other crustacean larvae in rela-
tion to developmental processes. The first study
that explicitly related bioenergetic changes in a
larval decapod to the moult cycle was published
only one decade ago (McNamara et al., 1980).

The moult cycle can be devided into stages and
substages, for which a classification system was
introduced already half a century ago by Drach
(1939). However, the first detailed description of
anatomical changes occurring during individual
moult cycles in a larval decapod appeared only
recently (Anger, 1983). This description allows the
identification of the major stages of Drach’s classi-
fication system, and their use as a meaningful
reference basis for the analysis of physiological and
biochemical changes that may be observed during
the course of larval development.

The following synopsis will deal exclusively
with changes in bioenergetic traits as results of
developmental events, and it will be based mainly
on information from a few intensively studied
‘model species’ such as the brachyuran crabs Hyas
araneus and Carcinus maenas, and the hermit crab
Pagurus bernhardus. In these instances, sufficient
experimental data obtained under constant condi-
tions have become available to allow some gener-
alisations and modelling. Effects caused by
external factors such as temperature, salinity, and
food availability must be excluded here from this
review.

THE MAJOR ENERGY FLOWS

The parameters of the energy budget (Fig. 1)
are linked by the following equations, from
which conversion or growth efficiencies can
be derived (Ivlev, 1945; Warren and Davis,
1967; Welch, 1968):

G=Gr+Ge=F-L-R-U [eq. 1]
A=G+R+U=F-L [eq. 2]
Ki1=G/F (eq. 3]
K2 =G/A [eq. 4]
where:

A = assimilation of energy from food
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FIG. 1, Schematic diagram of energy partitioning in
decapod larvae (after Ivlev, 1945; Warren and Davis,
1967; Welch, 1968).

F = food uptake

G =total body growth (briefly referred to as ‘growth’)
Gt = tissue growth (production of living biomass)
GE = exuvia growth (production of cuticle materials)
K1 = gross growth efficiency

K2 = net growth efficiency

L = sum of losses by defaecation and leaching (loss
of small particles and liquid from food, due to ineffi-
cient feeding mechanisms)

R = respiration (measured as oxygen consumption)
U = excretion of nitrogenous waste products
(measured as ammonia production)

In the above form, all parameters of the budget
refer to gains or losses of energy that were inte-
grated over some period of developmental time,
for instance the duration of a given moult cycle
(= instar) or of complete larval development in a
given species; they are expressed in energy units
(Joules) per individual. Instantaneous rates of
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TABLE 1. Studies on energy partitioning in larval decapod crustaceans. Taxonomical position according to

Bowman and Abele (1982).
Infraorder Family Species References Remarks
Penaeioidea Penaeidae Penaeus monodon A 1,2,3,4,5
Astacidea Nephropidae Homarus americanus B 1
Homarus americanus C.D 3.5.6
Anomura Paguridae Pagurus bernhardus E.F 3,7,8,9
Brachyura Xanthidae Menippe mercenaria G 1,23
Rhithropanopeus harrisii H 1,2,3.5
Cancridae Cancer irroratus I 1,3
Portunidae Carcinus maenas J 1,2.3,9
Majidae Hyas coarctatus K 2,367
Hvas araneus L 3.9
Libinia ferreirae M 3,4,7,8

Remarks: 1, only cumulative budgets (average flow rates) of successive instars; 2, excretion ignored, or
added to faecal losses; 3, faecal losses calculated from difference between ingestion and assimilation, or
ignored; 4, energy content of larvae estimated from dry weight or ash-free dry weight (assuming a constant
energy content); 5, exuvia production not considered, or data taken from literature (from other species); 6,
no energy budget given, but measurements from which a partial budget may be calculated; 7, ingestion rate
not measured, i.e., partitioning only of assimilated matter considered; 8, excretion data taken from literature
(from other species); 9, energy content of larvae and exuviae calculated from carbon values (Salonen ez al.,
1976). References: A, Kurmaly et al. (1989); B, Logan and Epifanio (1978); C, Capuzzo and Lancaster
(1979); D, Sasaki et al. (1986); E, Anger, 1989; F, Anger er al. (1990); G, Mootz and Epifanio (1974); H,
Levine and Sulkin (1979); I, Johns (1982); J, Dawirs (1983); K, Jacobi and Anger (1985); L, Anger and

Harms (1989); M, Anger et al. (1989a).

cnergy flow, e.g. growthrate; G, will be indicated
by a point above the symbol; their dimension is:
Joules per individual per unit of time (h™', ord™').

FooD UPTAKE (F) AND Loss (L)

The nutrition of decapod larvae under natu-
ral conditions has been studied by few investi-
gators (Lebour, 1922; Stickney and Perkins,
1981; Youngbluth, 1982; Harding et al., 1983;
Paul et al., 1990), so that we know very little
about their actual food sources in the
planktonic environment. These few field data
as well as the overwhelming amount of labora-
tory observations (Harms et al., 1991) suggest
that most decapod larvae are omnivorous, with
a general preference for zooplankton as a food
source.

In larval decapods, in particular in anomuran
and caridean shrimp larvae, we observed fre-
quently a very inefficient feeding behaviour:
much prey is killed but then eaten only par-
tially. This phenomenon (‘sloppy feeding’)

was found also in some insect larvae (Johnson ez
al., 1975) and in carnivorous copepods (Ikeda,
1977), where it was termed ‘wasteful killing’
or ‘over-hunting’, respectively. Incomplete in-
gestion of prey, together with leaching of lig-
uid and small particulate materials from food
during the feeding process (Dagg, 1974; Pe-
chenik, 1979) leads to practically uncon-
trollable losses and thus hampers the precise
measurement of actual ingestion rates in de-
capod larvae. The significance of this effect
will probably vary with species and stage of
larval development, and with the amount, size,
and quality of food.

The stage of the moult cycle has a significant
influence on ingestion rates. Anger and
Dietrich (1984) and Dawirs and Dietrich
(1986) showed in crab larvae great daily vari-
ability of feeding activity, mostly with high
values in early stages (postmoult, intermoult),
and strongly decreasing figures during the pre-
moult phase of the same instar. Repeated ex-
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periments with Hyas araneus larvae con-
firmed these findings, with maximum inges-
tion rates occurring progressively carlier in
subsequent larval instars (Fig. 2). Similar pat-
terns in F were found when phytoplankton
instead of Artemia was given as food (Harms
et al., 1991), suggesting an indirect endocrine
control of feeding activity via the moult cycle.
In the zoeal instars of H. araneus, they were
described with quadratic equations, in the
megalopa as an exponential function of time
(?) (Anger er al., 1989b):

F=Fg +at-bt

(zoea 1, II) [eq. 3]

F=Fge™ (megalopa)  [eq. 6]

The constant F, represents an estimate of the
initial (¢ = 0) feeding rate, and the fitted parame-

; and fraction -d”', respectively) (data from Anger et al., 1989b.)

ters a, b, and m define the curvature of these
functions. ) '

When specific ingestion rates,F,/E (that is:F
expressed as a fraction of larval energy content,
E [both in Joules]), are plotted against time
of development, decreasing values are
found, not only within individual moult cy-
cles but, on the average, also in successive
larval instars (Fig. 2). According to these
experiments, early spider crab zoeae may
ingest up to almost one half of their own
energy content per day, whereas the same
instars eat much less (<20%- d”') in late pre-
moult. The megalopa shows very low F/E
rates throughout the moult cycle, still
decreaseing before metamorphosis (Fig. 2).
However, it remains uncertain how general
these patterns in decapod larvae are, until
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data with a comparably high temporal resolu-
tion are available for more specics.

Most ‘average” ingestion rates reported in the
literature (Table 1) are bused on single measure-
ments made in an unspecificd stage of the moult
cycle, in some cases even without specifying the
larval instar, Thus, such values must be treated
with much reservation, as well as gross growth
and assimilation efficiencies calculated from
those fecding rates (see below),

While the measurement of F suffers from
great methodological difficulties, this applies
even muore to the determination of faceal and
other losses summarised as L (Fig. 1), Con-
sequently, most authors did not measurc L
directly, but estimated it fropy difference, #-A
(cq.2).Since measurements ol Fare nol precise,
{he same must be true for indirect estimates of
L, Among the authors listed in Table 1, only
Logan and Epifanio (1978) determined lagces
production directly 1n decapod larvac,

RESPIRATION (R)

Respiration rate is usually measured as oxygen
consumption (ug Oz'indiVidual‘]'h", or d'h
which can then be converted 1o metabolic encrgy
loss, with an equivalent of 14.06 Joules per my
O, (Gnuiger, 1983a). Besides integrated respira-
tory losses (R, in Joules per individual), | will
distinguish here: (1) individual res’pirution rate
(in ug O, or Joulestindividual " ar d”'), for
which 1 will use the widely accepted symbol
Vo, (instead of *R"; Gnaiger, 1983b); (2) weight-
specific respiration rate (Qo, ; in pg O.in-
dividualq‘h'],ord'l,pcrunitlmgfofdrywcight).
The latter is a measure of the intensity of tissuc
metabolism. Tt can bc cxpressed also as ap
gnergy-specific rate (related to encrgy accumu-
lated in biomass; dimension: fraction-d”). The
term ‘respiration rate” will indiscriminately refer
1o both vo, or 00,. Values given in the literature
represent ususlly an undefined rate, somewhere
between basal and active metabolism, normally
considered as ‘routinc metabolism'. This applies
afso o all sjudies listed in Table [.

Changes of respiration during individual lar-
val moull cycles were stuched in only a fow
decapod species. In first-instar larvae ol a
freshwater prawn, Macrobrachium olfersii,
McNamara et a2l (1980} found shghtly
decreasing metabolic rates. However, this ex-
ample is very specific, as these larvae reveul
lecithotrophic development from the cgg to the
second zacal instar, Also in the mcgalopa uf
the hermit csab Pagurus bernhardus, which
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shows secondary lecithotrophy (Anger, 1989),
decreasing respiration was measured during lhe
moult cycle (Dawirs, 1984; Angeret al,, 1990),
Likc most other decapad larvae, the zacal in-
stars of the hermit crab, as well as lobsler
{Homarus americanus) and crab larvac (Hyes
araneus, H. coarcratus, Libtuua fereeleue), take
up facd during their entire development, and
their respiration increases dunng the course of
cach tnoulicycle (Sasaki et af., 1986; Jacohiand
Anger, 1Y85: Anger et al., 19893, ). No gencral
correlation, however, was found between meta-
botism and feeding rate (Anger ef al,, 1989b) or
activity of digestive enzymes (Hirche and
Anger, 1987; Harms ¢ al., 1991).

The gencral patterns that were found in both
Hyas arancus and H. coarctatus latvae are il-
lustrated, with the former specics asan example,
in Fig. 3: lincar increase ol respitation with lime
of development in the zoeal instars, but a cycli-
cal pattern in the megalopa, with substantial
increase during cach ecdyais, In the zocal instars
of Pagurus beenhardus, 2 lincar increase (zoea
1, I1), or u fairly constant respiration rate (zoca
11, IV) wag elsa measured (Anger ef al,, 199D),
Unfortunatcly, no data with a high tcmporal
resolution arc available for other decapod
larvae. so that @ generalisation of these patterns
is not possible at present,

In Hyas spp. larvac 00, shows patterns of
change during development that are dilferent
from those in vo,: high values after cach ecdy-
sis (postmoult) sre followed by low rates
throughout the intermoull and ¢arly premoull
phases, and sometimes by another increase
during latc premoult (Fig. 3). The same patterns
were abserved also in laival lobsters (Sasaki ef
al., 1986}, as well as in spider crab (Libini
ferreirac) and hermit erab (Pagurus bernhar-
dusy larvae (Anger er al., 1989a, 1990). These
cyclic changes in the average metabolicactivity
of tissues may occur gencrally in crustaceen
larvac. They should be a result of particularly
energy-cunsuming processes of integumental
growth and differentiation taking place shartly
before, during, and after ecdysis (see below:
mechanisms of growth),

Average o, values decrease in most in-
stances like dunng development from the firse
to the last larval instar. Only in Jarval lobsters
was an increasing tendency observed (Susaki e
al., 1986). The former tiend is consistent with
the general relationship of decreasing 00, with

increasing body wesght in animals (Zeuthen,
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FIG. 3. Hyasl argneus. Changes during larval development in: rates of indivlidual respiration (V0,; Joules
‘individual” .d",), weight-specific respiration (00 : ug Oz.[mg dry weight] "-h™'), nitrogen excretion (U; Joules
-individual ".d"'), and in the atomic O/N ratio (data from Anger et al., 1989b).

1947). This relationship was quantified in
larvae of various decapod species (Logan and
Epifanio, 1978; Schatzlein and Costlow,
1978; Anger and Jacobi, 1985). However, the
patterns shown in Fig. 3 demonstrate that the
respiration-weight relationship is superimposed
by developmental events that are not neces-
sarily associated with growth.

NITROGEN EXCRETION (U)

Ammonia is assumed to be the major ex-
cretory product of larval decapods (Logan and
Epifanio, 1978; Capuzzo and Lancaster, 1979;
Johns, 1982). Dawirs (unpubl.) found, in addi-
tion, some traces of urea production in Car-
cinus maenas megalopa. Phosphate excretion
has been measured only in some unidentified
larvae isolated from plankton samples (Ikeda
et al., 1982; values mucher lower than in N
excretion) but no data from decapod larvae
maintained under controlled conditions are
available. Thus, the following review will deal
exclusively with the excretion of nitrogenous
waste products, namely ammonia, which is
assumed to represent the major part of total
excretion. It can be converted to energy with a

factor of 24.87 J/mg ammonia-N (Elliot and
Davison, 1975). .

Most investigators did not measure U as a
part of the energy budget in larval decapods
(Table 1). Some authors considered it as a part
of faecal loss, which is not correct (it belongs
to A: Fig. 1; Warren and Davis, 1967). The
authors who measured it (Logan and Epifanio,
1978; Johns, 1982; Anger et al., 1989b) found,
however, that it constituted only a minor
energy flow. In spider crab (Hyas araneus)
larvae, we found cumulative excretory energy
losses of 2-5% of A (Fig. 7). These measure-
ments suggest that nitrogen excretion increases
during larval development, not only in absolute
terms (per individual) but also in relation to the
other energy flows.

During individual moult cycles, excretion
curves for spider crab larvae consistently
showed a maximum approximately in the mid-
die (intermoult and early premoult stages) of the
moult cycle (Fig. 3). Since almost no compara-
ble information is available from other taxa, it
is not known if these patterns are typical of
brachyuran larvae, Data given by Sasaki et al.
(1986) suggest that at least larval lobsters may
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exhibit quite different patterns, with law excre-
tion rates in intermoult.

O/N RATIO

The atomic O/N ratiomay be used as an indica-
tor of the relative significance of protein us un
energy source (Mayzaud and Conover, 1988).
Capuzzo and Lancaster (1979) and Sasaki ¢t al.
(1986) found lower O/N ratios in stage 1V lob-
sters than in carlier instars, suggesting an in-
creasing protein catabolism during larval
development. Decreasing average values were
also observed during the development of spider
crab larvae, however, superimposed by variation
during individual mouit cycles (Fig. 3). According
t0 these data, protein cutabolism in Hyas arancns
larvac s ata maximum dunng intermoull, whereus
lipid and/or carbohydratcs play a major rolc in the
premoult and pastmoull stages,

GROWTHI(G)

Larval growth hasbeen studied in many decapod
species (Kurata, 1962; Rice, 1968 Hartnoll, 1932;
Gore, 1989; MceConaugha, 1985), but dillerent
units of measurement have been used: size, mouit
cycle duration, fresh weight, dry weight, ash-free
dry weight, carbon, nitrogen, hydrogen, protein.
lipid, or energy (measured by microcalonimetry or
estimated from biochemical orelemental composi-
tion).

Dawirs (1981, 1983), Anger and Dawirs ( [982),
and Sasaki et al, (1986) showed that fresh weight
is a very poor measure of growth in crustaccans, as
it does not reflect actual changes it living bjomass
during development or in relation to nutritional
conditions. It should never be used as o reference
unit for biochemical data (although some authors
did this). Dry weight and ash-free dry weight are
certainly better measures of biomass. Carbon and
nitrogen measuremenis proved to be especially
accurate and reproducibic. They show highly sig-
nificant relationships with the cenergy content
(Salonen etal., 1976) and with the major biochemi-
cal components, protein and lipid (Anger and
Harms, 1990). These dilferent measures ol bi-
omass can be converted into each other, cither
using such empirical relations or o stoichiomelric
model (Gnaiger and Bitterlich, 1984).

Not only different measures of biomass have
beenused, but also conflicting models of growth.
Probably the most frequently used is “Dyar’s
rule’ or ‘Brook's law' (Kurata, 1962). It de-
scribes an increase in size or biomass as an
exponential function of the number of instars:
however, several authors used i 10 desenbe

298

growth as a function of time. Empirical data on
instantancous growth rates (sce below) show that
this is ancrroncous use of the exponential mode).

Anger and Dawirs (1982) expressed zacul bi-
omass in Hyas araneus (dry weigjht. C,N,H, or
energy [ug ar Joules: individual™|; in the atter
case 1s: biomass = £) as a power function of time
(&; [d]) within a given instar:

F=Ep@e) leq. 7}

Ey 15 an estimate of initial (¢ = 0) energy, and
m is a fitted constant (the regression coefficient
of 1he lincarized form of the cquation). This
madel was later applied alsa to other larval brach-
urans, Carcinus mmaenas (Dawirs, 1933), Ilvas
coarctatus (Jacobt and Anger, 1985), friachus dev.
senensis (Anger, 1988), Liocarcinus holsatus
(Harms, 1690), and lobsters, Neplirops. norvegiclis
(Anger and Piischel, 1986).

Another model, 4 second-order polynomial equa-
tion, was applied to describe megalopa growth in
Hyas spp., where biomass reaches a maximum in
the middle of the moult cvele and then decreasces,
prior 10 metamorphosis (Anger and Jaoobi, 1985,
Jacobi and Anger, 1985).

E=Fgsal=-ht [eq. 8]

£, (asineq. 7), a, and h are fitred conslants,
Dawirs ¢t al. (1986) suggested that this model
might be better suited than eq, 7 for describing
zoeal growth patlerns, sincc they observed in
Carcinus maenas zocae a decrease in biomass
during late premontt. The same was found also
in the zocal instars of the anomuran crabs
Pagurus bernhardus (Anger, 1989; Angereral.,
1990} and Galuthea syuamifera (Anger, un-
publ.). and in the larvac of the European lobster,
Homarus gammarus (Messerknechl, pers,
comm )

Both models predict that growth rate (G, de-
fined as change of biomass per unit of time, that
is the first derivation of cgs. 7 and 8, respee-
tively) will deerease during each larval instar:

G = 4 = Fowme(e )™ [eq. %)

=l =g - T h lcq.lf)l
(i has the dimension [Joulesindividual™ -],
Eq. 9 gives & hyperbolic, eq. 10 alincar pattern
of decrease (Fig. 4), Further data from more
species 1s required to decide which model is a
better description of larval growth patterns, if
universyl pattern exists, The parabola-shaped bi-
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larval development. (sources of data: Messerknecht, pers. comm. (Homarus gammarus); Anger and Piischel,
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dorsettensis); Jacobi and Anger, 1985 (Hyas coarctatus); Anger et al., 1989b, Anger and Harms, 1989 (H.

araneus)).

omass curve (with a final decrease) described by
¢q. 8 might be an artifact (although I do not
consider this very likely) that could be caused by
weak, slow-growing larvae that are proportion-
ally more frequent in samples taken very late
(after the onset of moulting) from a culture.
Although the curvature of growth curves may
remain uncertain, Fig. 4 shows onec universal
tendency in all nine decapod species and in a
total of 34 (out of 37) instars considered: larval
growth decreases during the course of individual
moult cycles. Only in the zoea  and megalopa
of Pagurus bernhardus and in the megalopa of
Galathea squamifera, was a linear change in

biomass, i.e. a constant growth rate (G), found (a
negative value in the secondarily
lecithotrophic hermit crab megalopa); in no
case was an increase observed in G.

This is important to note, as some authors
attempted to estimate ‘average’ growth rates
in plankton populations of decapod larvae, ap-
plying an exponential model (see above) that
predicts a progressively increasing G with time
of development (Incze et al., 1984; Lindley,
1988; Paul et al., 1990). Since this model de-
scribes only gross biomass changes in a series
of subsequent instars as a function of instar
number, not as a function of time, it has very
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poor predictive power when growth wilhin
specific instars is studied. Thus, ‘average’
growth rates calculated from it are likely to be
physiologically unrealistic (Fig. 4), Such rough
estimates, however, may be useful as overall
indices of growth, when only a comparison of
different environmental conditions is attempted
(Paui eral, 1990).

Naturally, the absolute growth rate (dE/dr) de-
perds also on the specific size of a larva: for instance, a
latelobster larvamay gain 100 times more cnergzy perday
than an early portunid crab larva (Fig.4). Thus, itisuseful
for.direct compan'son to calculate specific growth rates:

G _[ea9]
E Edt [ea.7] leq. 111,
dE  [eq.10]
o E’E-dn' [eq.8] leg- 12].

respectively

Development (d)

Development (d)
raction-d"Yo decupod crustacean specics during larval

Specitic growth rates have the dimension of a
fraction (or %) of £ [d"']. Fig. 5 shows that post-
moult G/E varies in most species and instars be-
tween 0.15 and 0.40 (or 15-40 %). It decreases
dramatically during later moult cycle stages, often
reaching pegative values. The average level of
daily specific growth in subscquent larval instars
remains constant or it decreases. In no moult cycle
or series of instars were increasing rates observed.

Crustacean growth is further complicated by a
partial independence of the moult cycle from mor-
phogenesis and growth (McConaugha, 1985). This
is particularly obvious in caridean shrimp larvae,
where moulting frequency may remain unaltered
under suboptimal conditions, while morpho-
genesis and growth cease, resulling in a highly
variable number and morphology of larval in-
stars (Reeve, 1969; Knowlton, 1974),
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EXUVIA PRODUCTION (GE)

The exoskeleton is an integral part of crusta-
cean growlth, but equally aloss, as itis cast when
ecdysis occurs (Fig. 1). Like total biomass, its
absolute quantity (in Joules per individual) in-
creases in successive larval instars at an expo-
nential rate (Anger, 1984, 1989; Harms, 1990).

In Fig. 6 data are compiled on exuvial loss in
larvae of decapod species, where measurements
of late premoult biomass are available as a refer-
gnce basis. It shows that anomuran and brachy-
uran zoeae shed c¢. 3-7% of their total late
premoult energy, whereas the megalopa instar,

as well as lobster larvae, lose higher percentages
with their exuviae. Except in portunid crab spe-
cies, there is a clear increasing trend not only in
absolute (per individual), but also in percentage
exuvial loss of subsequent larval instars (Fig. 6).

Among the species compared in Fig. 6, Hyvas
argneus reveals intermediate Gg values. During
its complete larval development it casts <6% of
total energy ingested as exuvial matter (Anger
and Harms, 1989), twa thirds of this loss occur-
ring in the final (metamorphic) moult from the
megalopa to the juvenile crab. In relation to total
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cnergy assimilated, the exuvial loss amounts
here to 5-9% per instar (Fig. 7).

The fraction of tota) growth (G) that is lost as
cxuvial energy, increascs in Hyas arancus larvac
from 9% (zoca 1) to 13% (zoca II), und eventually
35% (megalopa). Similar or higher losses were
found in Jarval Menippe mercenaria (Movtz and
Epifanio, 1974), Homarus americanus (Logan and
Epifanio, 1978), Rhithropanopeus harrisii (Levine
and Sulkin, 1979), Carcinus maenas (Dawirs.
1983), and Nephrops norvegicus (Anger and
Piischel, 1986). Lower values (mostly <5%) were
reported for Cancer irroratus (Johns, 1982, Lio-
carcinus holsatus (Harms, 1990), and Pagurus
bernhardus (Anger, 1989). In general, the data
reveal that G tends to increase during larval
development Both in absolute terms. and as a
percentage of either late premoull biomauss G

SUMMARY BUDGETS AND EFFICIENCIES

Quantitative information on uptake of food {F)
and on losses that occur prior to assimilation (L
= F-A; eq. 2), is in general considered unreliable
(see above). Thus, changes that may occur
during development in assimilation efficiency
{(A/F)and gross growth cfficicncy (K; eq. 3) will
not be discussed here indetail, since both indices
of food conversion are seriously affected hy low
precision of I measurcments (Pechenik, 1979).
Some possible pallerns of developmentul change
were discussed recently by Anger and Harms
(1989).

For cumulative budgets of complete larval
development of decapod crustacesans, Mootz and
Epifanio (1974), Logan and Epifanio (1978),
Levine and Sulkin (1979), Johns {1982), and
Anger and Harms (1989) calculated A/F values
ranging from 45-81%. Lower assimilation effi-
¢iency (22%) was found by Dawirs (1983).

Cumulative K, values of complete larval
development were found in maost specics to
range from 27-30% (Mootz and Epifanio, 1974;
[.ogan and Epifanio, 1978: Levine and Sulkin,
1979; Johns, 1982; Anger and Harms, 1989),
whereas Dawirs (1983) obscrved a cumulative
K, of only 3% in Carcinus macnas lurvae .

1I'hc: ovetall partitioning of assimilated energy
(4) is exemplified with data from Fyas araneus
(Fig. 7). In this species, the portion of A that is
channelled into growth (K,) decreascs in sub-
sequent instars from 59-26%, while tespiratory
(R) and excretory losses (U) increase from 39—
69%, and 2-5%, respectively, Within (7. exuyial
Inss (G¢) increases insuccessive instars, whereas
tissue production (G} decreascs.

jule
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FIG. 7. Hyas araneus. Parlitioning of assimilated
enerpry (4) in successive larval instars (Joules, in-
dividual ', and % of A) (dala from Anger et al.,
1989b; Anger and Harms, 1989),

With respect to changes in K, during larval
development, some authors (compiled by
McConaugha, [985; Stephenson and Knight,
1980) found an increasing tendency from instar
to instar, whereas Reeve (1969) and a number of
other authors (Fig, 8) observed the opposite
trend. Since K, decreascs during larval develop-
ment in most specics for which sufficiently pre-
cise data with a high temporal resolution is
available (Fig. 8), this may be considered more
likely as a general pattern in decapod larvae.

The discrepancy between K, values of early
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and late developmental instars appears particu-
larly great in spider crab larvae. It is causcd
mainly by events that take place during the
premoult (premetamorphic) phase of megalopa
development, with feeding activity becoming
very low (Fig "), and metabolic intensity of
tissues remaining high (Fig. 3). As a con-
sequence of Fev0,, growth becomes negative
(G<0; Figs 4, 5). These patterns may be inter-
preted as signs of an increasing degree of
lecithotrophy in the final instar. The ultimate
degree, “secondary lecithotrophy’ (Anger.
1989), is found in hermit crab (Pagurus bern-
hardus) megalopa. No more feeding occurs here
(F=0), and thus development ta metamorphosis
depends exclusively on energy accumulated by
the preceding zocal instars, This phenomenon
is associated with a switch in life style, from
pelagic to benthic, and it may be interpreted as
an adaptation to an extremely specialised hab-
itat requirement, in this case the need to find 4
gastropod shell after settlement and metamor-
phosis, Secondary lecithotrophy should in-
crease the chance to find such a particular

1939 (Libiniu furmm.) others as in

habitat, as no time and energy must be sacrificed
for feeding activity.

The degree of decrease in K; may thus reflect
the degree of food independence, i.e. the de-
gree of secondary lecithotrophy, in a late
dcvclopmental stage. Since the ability to
develop independently of food 1hrough
metamorphosis should in general be more im-
portant for species that depend on very partic-
ular habitats, rather than in opportunistic
settlers, the degree of lecithotrophy may rep-
tesent a measure of ccological specialisation.

There is a decrease not only in average K, of
successive larval instars (Fig. 8), but also in
instantaneous values during the course of in-
dividual moult cycles {Fig. 9). The tendency

of decreasing growth and 1\, values with time
of development corresponds to the finding that
very young, post-natal organisms tend to have
particularly high net growth efficiencies
(ranging from c. 50-80% in most poikiloth-
erms; Calow, 1977). Each ccdysis is, in prin-
ciple, comparable to hatching, i.e. to “birth’ of
a larval instar, and the following moult cycle
is characterised by processes of growth, mor-
phogenesis, and physiological aging, accom-
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panied by decrcasing grawth efficiency. Ecdysis
initiatcs the next cycle, beginning again with
higher K, values (Fig. 9). Since development
proceeds and the absolute age of larvae in-
creases with each subsequent instar, a decreas-
ing trend should be expected also in average
efficiencies of successive instars. Thus, it is hy-
pothesised that tendencies of decreasing K,
during development (Figs 8, 9) may be a tvpical
hioenergetic pattern in decapod tarvac,

When different taxa are compared, highest
average K, values (56-88%) were found in
larvae of a penacid prawn, lower values in
anomuran zoeac (44-358%; the cntirely
lecithotrophic hermit crab megalopa is excluded
trom this comparison), and lowest in crab larvac
(6-60%) (Fig. 8). Itis interesting to note that this

zquence might reflect a phylogenetic tendency
of decreasing net growth efficicncy, from more
primitive toward more advanced groups (fortax-
onomy of Decapoda see Bowman and Abele,
1982). Since low growth efficiencies are cx-
pected in partially lecithotrophic instars or spe-
cies, this would suggest a phylogenetic tendency
in the Decapoda toward an increasing degree of
lecithotrophy and thus, of increasing ecological
specialisation. This presumption is corroborated
by differences in the average chemical composi-
tion of decapod larvae belonging to different
infraorders (Fig. 10; sce below). However,
special adaptations to environmental (including
biotic) factors such as life ol hermit crabs in a
mollusc shell, can occur in any taxonomic group
and thus, there should be many exceptions (0 this
hypothetically postulated rule.

MECHANISMS OF GROWTH AND CONCI LDING
REMARKS
Available data suggest that the decreasing

trends in growth rate (both per individual and per
unit of biomass energy), as well as in net growth
efficiency during development, mav be a bio-
energetic rule in larval decapods. These trends
have clearly been observed during individual
moult cycles (Figs 4, 5, 9), and thev accur in
scquences of larval instars (Fig. 8). They may be
scen also in phylogenetic develepment, from
primitive toward more advanced groups (scc
above: K,). Presumably, the existence of such
gencral patterns raises the question as to whin
mechanisms of growth may be involved and how
these may change during larval development.
Data on elemental and biochemical compo-
sition of decapod larvae reveal recurrent pat-
terns of developmental change that arc
illustrated, again with Hvas araneus as a well-
documented example (Fig. 10). The carb-
an/nitrogen (C/N) ratio which is frequently
used as an indicator of the lipid/protein ratio,
shows here in all larval moult cycles an initial
increasc, followed by a transitory maximum,
and a final decrease. When patterns of instan-
taneous growth rates in C and N are compared
(dC/d1, dN/t), the following tendencies may
be discerned: (1) an initial phase with high G.
It is charactenised by particularly strong gain
in C (i.e. lipid) and maximum C/N ratios ap-
proximately at the end of the intermoult (stage
C) phase of the moult cycle. (2) The rate of
accumulation in C (reflecting the lipid fruc-
tion) decreases dramatically, whereas that in N
(protein) decreases more slowly. In late mcg-
alopa development, these differential slopes of
instantancous growth curves cause a reversal
of biochemical patterns, with accumulation of
N eventually exceeding that of C (Fig. 10).
These two distinet phases of growth corre-
spond to those of an obligatory and a facultative



302 MEMOIRS OF THE QUEENSLAND MUSEUM

HMyas arancus Zoewl Zpeall ] Megalopa
£ 55 Ao 55 /\\ 55 /\/\
= v
) 30 S0
B
z 45 45 15
] 3

A . A
. alc D, | b, | v, |E sl € o, Dr’ ﬁD“ E nE C U",D' D |k
0z 4 6 K 1o o1z 0 2 3 6 B 10 12 0 LT T - Y L S 1)
Development () Development (d) Development (d)

‘ Hyas araneus

0 \ \

10 \\

0 W\‘“(mm\L“
Zowall Towea Tl Megskops \

-0
q iy 20 34 414 s

Growth rate (dC/dt; dN/dt)

Development (d)

40
-+

35

Average C/N weight ratio

RY)

LCaridea  Astaciden Anomura Brochysra

FIG. 10. Hyas arancus. Changes 1 the Cod weght ratio and o «:‘frbon- and nitropen-specific growth rates
(dC/dt, closed symbols; dN/dL, open symbols: ug -individual”™ -d”) during larval development, A-E, stages
of larval moult cycles (after Drach, 1939; Anger, 1983); data from Anger and Hirche, 1990. Lower righn:
average C/N weight ratio (x =959 contidence inten als) in larvae belonging to different decapod infraorders
{taxonomiv position sfter Bowman and Abele, 10820 dato from 3 species of Caridea, 2 Asacidea, 2 Anomura,

and 10 Brachyura after Anger and Harms. 1990).

feeding period, the latter in principle being inde-
pendent of food (Anger, 1987). Thus, one can
say that the final phase of the moult cycle (pre-
moult) reveals a high degree of secondary
lecithotrophy, as further developmentis possible
with energy reserves that have been accumulated
during earlier stages (postmoult, intermoult).
The critical point that must be reached to allow
autonomous development (the ‘point of reserve
saturation’; Anger and Dawirs, 1981; Gore,
198S; Dawirs, 1986), was identified as the tran-
sition between intermoult (stage C) and early
premoult (stage D) and hence, was termed ‘D
threshold’ (Anger, 1987).

Although larvae wiil continue to eat when food
is available, the facultative feeding period is
characterised, independent of fceding condi-
tions, by low rates of food uptake (Fig. 2) and
growth (Figs 4, 5), high metabolic loss (Fig. 3),
and consequently, low net growth efficieny (Fig.
9). Apparently, morphogenetic reconstruction
processes and other physiological and anatomical

preparations for ecdysis (‘qualitative growth")
have during this developmental phase priority
over mere accumulation of energy (*quantitative
growth’), and their completion is secured by an
increased degree of lecithotrophy.

In a recent study on nucleic acids in Hyas
araneus larvae, Anger and Hirche (1990) sug-
gested that these two phases of growth may differ
alsoin the relative significance of two major mech-
anisms of growth: cell enlargement (hypertrophy)
and cell multiplication (hyperplasy). Assuming
constant amounts of DNA per cell and neglecting
interstitial malerials, the former type of growth
may be measured as an increasc in the DNA con-
tent per individual, the latter as a C/DNA ratio, and
synthetic activity of tissues may be indicated by the
RNA/DNA ratio (Fig. 11).

Mitoses take place continuously from hatch-
ing of the zoea | to premoult of the megalopa
instar, whereas maximum synthetic activity of
tissues and an increase in average cell size were
observed mainly in the initial (postmoult) peri-
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ods of larval moult cycles (Fig. 11). High initial
rates of synthesis are suggested also by measure-
ments of adenosine nucleotides in Carcinus
maenas larvae (Harms et al., 1990b). They sug-
gest a high turnover rate of ATP during post-
moult and early intermoult, leading to a
minimum adenylate energy charge in stage C,
in spite of increasing ATP concentrations (Fig.
12). Ultrastuctural evidence (Storch and Anger,
1983), shows that this initial accumulation of
energy reserves (mainly of lipids) takes place in
R-cells of the larval hepatopancreas, where fat
vacuoles are enlarged. Protein synthesis may be
associated mainly with epidermal enlargement
and rcconstruction processes, and with hyper-
plasy rather than hypertrophy (McConaugha.
1985, and earlier papers; Freeman, 1986, 1990,
1991; Freeman et al.,, 1983). The latter
processes become independent of further exter-

nal energy supply, when sufficient internal re-
serves of energy and essential substances have
been accumulated to allow autonomous
development. This energetic status is normally
reached in late stage C of the moult cycle, and it
may may sel the signal for increasing ecdys-
teroid production in the larval Y-organs which
then gives the stimulus for development through
the premoult phase (Spindler and Anger, 1986;
Anger and Spindler, 1987).

Even when food is available, the premoult
stages arc characterised by signs of an increas-
ing degree of lecithotrophic development,
with catabolism of lipid reserves (Fig. 10), no
further increase in average cell size (Fig. 11:
C/DNA), and decreasing ATP concentrations
(Fig. 12). Like morphogenesis (Anger, 1987),
these trends may be fairly independent of feed-
ing or starvation commencing after the Dythre-
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shold (Dawirs, 1983; Anger and Spindler, 1987;
Freeman, 1990, 1991; Harms et al., 1990). In
the megalopa of Hyas araneus, the pre-
metamorphic phase shows particularly strong
signs of autonomous development, with recon-
struction processes that are associated with dras-
tic losses in the lipid fraction (C/N; Fig, 10), and
probably with cell lysis (DNA: Fig. 11).

If high C/N ratios are considered as indica-
tors of a high lipid content and hence, an in-
creased ability to develop without cxternal
energy supply, then this index sugyests signif-
icant differerences in the degree of lecithotro-
phy among higher taxa of the Decapoda. In
Fig. 10, larvae belonging to ditferent infraor-
ders were grouped in a sequence of increas-
ingly advanced taxonomical position
(Bowman and Abele, 1982). They show in this
order a significant increase in average C/N
ratios. This agrees with the tendency of de-
creasing net growth efficiencies in the same
sequence (sec above; Fig. 8). Caridean
shrimps should reveal, on the average, the low-
est degree of lecithotrophy, brachyuran crabs
the highest. This tendency corresponds e a
deereasing number and variability of instars
passed during larval development, and an in-
creasing degree of morphological change in
each mouit cycle. Thelatter trend suggests that,
as in insccts, there may be an evolutionary ten-
dency toward increasingly metamorphic devel-
opment. While Caridea can respond to
unsuitable cnvironmental factors with addi-
tional moults and reduced morphogenesis
(Knowlton, 1974), the Brachyura are only mod-
erately able to vary their number and morphol-
ogy of developmental instars, and hence depend
morc on sufficient energy reserves necessary for
drastic reconstruction processes. Thus, bioener-
getic traits of larvae may reflect phylogenetic
trends, with an increasing degree of lecithotro-
phy, increasing ecological specialisation, and
an increasingly metamorphic type of develop-
ment in the evolution of the Decapoda.

ACKNOWLEDGEMENTS

Our investigations on the bioenergetics of deca-
pod larvae have been generousty supported by the
Deutsche Forschungsgemeinschaft (DFG; grants
under An 145-1 and -2). | thank all colleagues,
technicians, and students who contributed to these
studies, with their cooperation, technical assistance
and help, respectively. 1 am grateful to Dr M,
Kirchner for correcting the English manuscript.



BIOENERGETICS OF DECAPOD LARVAE R

LITERATURE CITED

ANGER, K. 1983. Moult cycde and morphogenesis in
Hyas araneus larvae (Decapoda, Majidae), reared
in the laboratory. Helgolinder Meeresuntersu-
chungen 36: 285-302.

[984, Gain and loss of particulate organic and inor-
ganic malter in farval and juvenile spider crabs
(Hyas araneus) during growih and exuvialion,
Helpoldnder Meeresuntersuchungen 38: 107-122.

{987. The Dy threshold: a eritical point in the larval
development of decapod crustaceans. Joumal of
Experimental Manne Biolugy and Ecology 108:
15-30.

1988. Growth and elemental composition (C. N. H)
in Inachus dorsetiensis (Decapoda: Majidac)
larvae reared in the laboratory. Marine Biology 9%:
255=200.

1989. Growth and exuvial loss during larvaland early
Jjuvenile development of the hermil crab Pagurus
bernhardus, teared in the laboratory. Marine
Biology 103:503-511.

ANGER, K. AND DAWIRS, R.R. 198! Influence of
starvation on the larval development of Hvas
araneus (Decapoda, Majidae). Helgolander
Meeresuntersuchungen 34: 287-311.

1982, Elemental composition (C, N, H) and energy
in growing and starving larvae of Hyas arancus
(Decapoda, Majidae). Fishery Bulletin 80, 419~
433.

ANGER, K. AND DIETRICH, A, 1984. Feeding rates
and gross growth efficiencies in Hyas arancus
L. larvae (Decapoda; Majidae), Jousnal of Ex-
perimental Marine Biclogy and Ecology 77:
169-181.

ANGER, K. AND HARMS, 1. 1989. Changes in the
energy budget of a decapod crustacean from the
North Sea dunng plankionic larval develop-
ment, Memdrias do 111 Encontru Brasileiro de
Plincton, Federal University of Parand,
Curitiba, Brazil, 183-193,

1990. Elemental (CHN) and proximale biochemi-
cal composition of decapod crustacean larvae.
Comparative Biochemistry and Physiology
978: 69-80.

ANGER. K. AND HIRCHE. H-J. 1990, Nucleic acids
and growth of larvaland early juvenile spider crab.
Hyas araneus. Marine Biology 105: 303411,

ANGER, K. AND JACOBI, C.C. 1955, Respiration
and growth of Hyas araneus L. larvee (De-
capoda: Majidae) from haiching to melamarpho-
sis. Journal of Experimental Marine Biology and
Ecology 88: 257-270.

ANGER, K. AND PUSCHEL, C. 1986. Growth and
exuviation of Norway lobster (Nephrops not.

3

vegieus) larvae reared inthe laboratoty, Optelia
25:187-167.

ANGER. K. AND SPINDLER, K.-D. 1987. Energet-
ics, moult eyele, and ecdysteroid titers in spider
crab (Hyas araneus) Yarvae starved after 1ae Dp
threshold. Marine Biology 94; 367-375.

ANGER, K.. MONTU, M. AND DE BAKKER. C.
1990. Energy partilioning during larval devefop-
ment of the hermit crab, Pagurus bernhardus,
reased inthe laboratory. Jonrnal of Experimental
Marine Biology and Ecology 141: 119-129.

ANGER, K.. HARMS, J.. MONTU. M. AND
BAKKER, C. 1989a. Growth and respiration
duripg the larval development of & tropical spi-
dererab, Libinia ferreirac (Decapoda: Majidae).
Marine Ecotagy Progress Seties 54: 43-50.

ANGER, K., HARMS, J§., PUSCHEL, C.,, AND
SEEGER, B. 1989b. Physiological and bio-
chemical chunges duting the larval development
of a brachyuran crab reared under constan: con-
ditions in the laborsiory, Helgolinder Meere-
suntersuchungen d3: 225-244,

BUOWMAN, T.E, AND ABELE, L.G. 1982, Classifi-
cation of the recent Crustacea. 1=27. In .G,
Abcle (ed.) *The biology of Crustacea, Vul. 1,
Systematics, the fossil record, and biogeogra-
phy’ (Academic Press: New York).

CALOW, P. 1977, Conversion efficiencies in hesemo-
rrophic organisms. Biological Review 52: 385—
409.

CAPUZZO0, J.M, AND LANCASTER, B.A. 1979,
Some physiological and biochemical considsra-
tions of larval development in the Amertican
lohster, Homarus americanus Milne Edwasds,
Journal of Experimental Marine Biology and
Ecology 90: 533-62.

CHRISTIANSEN, M.E. 1988. Hormonal processes in
decapod crustacean larvae, Symposia of the
Zoological Saciety of Londan §9: 47-68,

DAGG, M.J. 1974. Loss of prey body contents duting
feeding by an aqualic predator. Ecology §5:
90(3-9006.

1977, Some ellects of patchy food environments
on copepods. Limnology and Oceanography 22:
W-107.

DAWIRS, R.R, 198]. Eiemental compasition (C, N,
H) and energy in the development of Pagurus
beenhardus (Decapoda: Paguridag) megalopa.
Marine Biology 64: 117=123,

1983, Respiration, energy balance and develop-
ment during growth and starvation of Carcinus
rnuenas L, larvae (Decapoda: Portunidae). Jour-
nal of Experimental Marine Biclogy and
Ecology 6Y: 105-128.

I984. Respiratory metabolism of Pagurus tera-



306

hardus (Decapoda: Paguridae) megalopa
Marine Biology 83: 219-223,

1986. Influence of limited food supply on growth
and elemental composition (C, N, H) of Car-
cinus maenas (Decapoda) larvae, reared in the
laboratory. Marine Ecology Progress Series 31:
301-308.

DAWIRS,R.R.AND DIETRICH, A. 1986. Tempera-
ture and laboratory feeding rates in Carcinus
macnas L. (Decapoda: Portunidae) [arvae from
hatching through metamorphosis. Journal of Ex-
perimental Marine Biology and Ecology 9%:
133-147,

DAWIRS, R.R.. PUSCHEL, C. AND SCHORN, E.
1986. Temperalure and growth in Carcinuy
maenas L, (Decapoda: Partumdae) larvae reared
in the labaratory from haiching through
metamorphosis. Journal of Expenimental Marine
Biology and Ecotogy 100: 47-74,

DRACH, P. 1939. Mue et cycle d'intermue chez les
Crustacés décapades. Annales de |"'Institut
Océanographique (Monaco) 19: 103-391,

ELLIOTT. 1.M. AND DAVISON. W. 1975. Energy
equivalents of oxygen consumption in animal
energetics. Oecologia 19: 195-201,

FREEMAN, I.A. 1986. Epidermal cell proliferation
during thoracic development in larvue ol Ar-
temia. The Journal of Crustacean Biology 6
3748,

1990, Regulation of lissue growth in crustacean
larvae hy feeding regime. Biolngical Bullatin
178:217-221.

1991, Growth and morphogenesis in crustacean
larvae, Memoirs of the Queensland Muscum 31
300-314,

FREEMAN, J.A., WEST, T.L. AND COSTLOW,
1.D. 1983, Postlarval growth in juvenile Rhi-
thropanopeus fiarrisiy, Biological Bulletin (68!
409-415.

GNAIGER, E. 1983a. Czlculation of cnergetic und
biachemical equivalent< of respiratory oxygen
consumption. 337-343, In E. Gnaiger and H,
Forstner (eds) 'Polarograghic oxygen sensors”,
{Springer-Verlag: Berlin).

[983b. Symbols and units: toward standundization.
352-358. In E. Gnaiger and H. Fartner (eds)
‘Polarographic oxygen sensors”, (Sponger-Ver-
lag: Berlin).

GNAIGER, E. AND BITTERLICH, G, 1984, Proxi-
mate blochemical compositivn and ealuric con-
tent caleulated from ¢lemental CHN analysis: o
stoichiometricconcept. Qecalogia 62: 289-298,

GORE, R.H. 1985, Molting and growth in decapod
farvae. 1-65.In A M, Wenner (ed.) 'Larval
growth’ {A A, Balkema: Ronierdam/Boston).

MEMOIRS OF THE QUEENSLAND MUSEUM

HARDING, G.C, DRINKWATER, K.F. AND
VASS, W.P. 1883, Factors influencing the size
ol American lobster (Homarus americanys)
stocks along the Atlantic coast of Nova Scotia,
Gulf of St. Lawrence, and Gulf of Marine: an
new synthesis. Canadian Journal of Fisheries
und Aquatic Sciences 40: 165-184,

HARMS, J. 1990, Accumulation and Joss of biomass
in Liocarcinus holsatus larvae during growth
and exuviulion. Marine Biology 104: 183-190.

HARMS, J., ANGER, K., KLAUS, S. AND
SEEGER., B. 1991, Nulritional effects on inges-
tion rate, digestive enzyme activity, growth, and
btachemical composition of Hyas arancus L.
(Decapoda: Majidae) larvae. Journal of Experi-
mental Marine Biology and Ecology 145: 233-
265.

HARMS, I, MOAL, 1., LECOZ, J.R., DANIEL, 1.Y.
AND SAMAIN, J.F. 1990. Nucleotide compasi-
tion and energy charge in growing and slarving
snea 1 of Carcinus maenas (Decapodar Por-
tunidac). Comparative Biochemistry and Physi-
ology 96B: 405—414.

HARTNOILL, R.G. 1982. Growth. 111-196, In L.G.
Abele (ed.) ‘The binlogy of the Crustacea, Vol.
2", (Academic Press: New York),

HIRCHE, H.-J. AND ANGER. K, 1987, Digestive
enzyme activities during Jurval development of
Hyas arancus (Decapoda, Majidae). Compara-
tive Biochemistry and Physiology 878: 297-
302,

IKEDA, 'T. 1977, Feeding rates of planktonic cope-
pods from a tropical sea, Journal of Experimen-
sl Marine Biology and Ecology 29: 263-277.

IKEDA, 'I. HING FAY, E., HUTCHINSON, S.A.
AND BOTO, G.M. 1982, Ammonia and inot-
gani¢ phosphate excretion by zooplankton from
inshore waters of the Great Barrier Reef,
Queensland. 1. Relationship between excretinn
rates apd body size. Australian Journal of Marine
and FFreshwater Research 33: 55-70.

INCZE. L.S., WENCKER, D.L. AND ARM-
STRONG, D.A. 1984, Growth and average
growlh rates of tanner crab zocae collected from
the plankton. Marine Biology 84; 93-100,

IVLEV, U, 1945, The biological productivity of wa-
ters, Uspekhi Soureminnot Biologii 19: 98-120
(Translation. Fisheries Research Bosard of
Cunada, No. 394).

[ACOBI, C.C, AND ANGER, K. 1985, Growth and
respiration duriog the larval development ol
fiyax coarctatus (Decapoda: Majidae). Marine
Biology 87: 173-180.

JOHNS, D.M. 1982, Physiological studiex on Cancer
irraratus larvae, 1L Effects of temperature and



RIOENERGETICS OF DECAPOD LARVAE

salinity an the partitioning of energy resources
during development, Marine Ecology Progress
Series 8: 75-85.

JOHNSON, D.M., AKRE, B.G. AND CROWLEY,
P.H. 1975. Modeling arthropod predation:
wasteful killing by damselfly naiads. Ecology
56; 1081-1093,

KNOWLTON, R.E. 1974. Larval developmental
pracesses and conitolling Jactors in decapod
Crustacea, with emphasis on Caridea, Thalassia
Jugoslavica 10; 139-358,

KURATA, H. 1962, Studies on the age and growih of
Crustacea. Bulletin of the Hokkaido Regional
Fisheries Laboratory 24; -1 15.

KURMALY, K., YULE, A.B. AND JONES, D.A.
1989. Ap epergy budget for the larvae of
Penaeus monodon (Fabricius). Aquaculture ¥1:
13-25,

LEBQUR, M.V, 1922. The food of planktun or-
gantsms, Journal of the Marine Biotogical Asso-
ciation of the United Kingdam §2: 644=0677,

LEVINE, D.M. AND SULKIN, 5.D. 1979. Partitioning
and utilization of energy during the larval develop-
ment ol the xanthid crub, Rhithropanopeus harrisii
(Gould). Journal of Experimental Murnine Biology
and Ecology 40; 247-257,

LINDLEY, J.A. 1988. Estimating biomuss and pro-
duction of pelagic larvae of brachyuran de-
capods in western European shelf waters
Journal of Experimental Marine Biology and
Ecology 122: 195211,

LOGAN, D.T. AND EPIFANIO, C.E. 1Y78. A labora-
tory energy balance for the larvae and juveniles ol
the American lobster Homuarus americanuy.
Marine Biology 47; 381-389,

MAYZAUD, P, AND CONOVER, R.J. 1988, O:N
atomic rutio as a tool 10 deseribe zooplunkion
metabolism, Marine Ecology Progress Series 48
289-302.

MCCONAUGHA, J.R. 1985. Nutrition und larval
growlth, 127-154. In A.M. Wenner (ed.) *Larval
growth’. (Balkema Press: Rotterdam/Boston).

MCNAMARA, J.C., MOREIRA, G.S. AND
MOREIRA P.S. 1980, Respiratory metabolism of
Macrobrachium olfersii (Wiegmann) zovs during
the moulting cycle from cclosion to fint ectlysis.
Bulogical Bulletin 159: 692-64Y,

MOOTZ, C.A. AND EPIFANIOQ, C.E, 1974, An en-
ergy budget for Menippe mercenaria lurvae fed
Artemiu nauplii. Biological Bulletin 146: 44-53,

PAUL, Al, PAUL, JM. AND COYLE, K.O. 199(.
Growth of stage [ king crah larvae of Paralithodes
camtschatica (Tileslus) (Decapoda: Lithodidaelin
natural communities, Journal of Crustucesn Bi-
ulogy 1 175-183.

PECHENIK, J A, 1979, Leakage of lngested carbon by
gastroped larvee, and its effect on the calculation
of assimilation cfficiency. Estuaries 2: 4549,

REEVE, M.R, 1969, Growth, metamorphosis and
energy conversion in the larvae of the prawn.
Palaemon serratus, Journal of the Marine Biologi-
cal Association of the Unlted Kingdom 49: 77-96.

REGNAULT, M. 1969. Etude expérimentale de l2
nutrition d'Hippolyte inermis Leach (Décapode,
Natantia) au cours de son développement lar-
vaire, au laboratoire. Internationale Revue der
gesamten Hydrobiologie 54: 749-764.

RICE, A.L. 1968, Growth ‘rules’ und the larvae of
decnpod crustaceans, Journal of Natural History
2: 525-530.

SALONEN, K,, SARVALA, J., HAKALA, I. AND
VILJANEN., M.-L. 1976. Therelation of energy
and organic catbon in aquatic investebratas.
Limnology and Qceanography 21; 724730,

SASAK!, G.C.. CAPUZZO0. J.M. AND BIESIOT. P.
1986, Noiritional and bioenergetic considers-
tions inthe development of the American lobster
Homarusamericanus, Cunadian Journal of Fish-
eries and Aquatic Sciences 43: 2311-2316.

SCHATZLEIN, F.C. AND COSTLOW, 1.D. 1975.
Oxvgen consumption of the larvae of the de-
cupod cruslaceans, Emcriiq talpeida (Say) and
Libinia emarginata Leach. Compuarative Bin-
chemustry and Physiology 61A: 441-450,

SPINDLER, K.-D. AND ANGER, K. 1986. Ecdys-
teroid levels during the larval development of
the spider crab Hyus araneus. General and Com-
parative Endacrinology 64; 122-128,

STEPHENSON, M.J. AND KNIGHT. AW, 1980.
Growih, respirstion and caloric content of Jarvac
of the prawn Macrobrachium rosenbergii, Com-
parztive Binchemistry and Physiology 66A:
3RS-391.

STICKNEY, A, P, AND PERKINS, H.C. 1981. Ob-
servitionys on the food of the lurvae of the north.
ern shrimp, Pandalus borealis Krdyer
(Decapoda, Caridea). Crustaceana 411 369,

STORCH, V. AND ANGER, K. 1983, Infiuerce vf
starvation and feeding on the hepatopancreas of
Tarval Ifyas aranens (Decapnda, Majidae). Hel-
golinder Meeresuntersuchungen 36: 67-75.

WARREN, C.E. AND DAVIS, G.E. 1967, Lahora-
lory studies on the leeding, bioenergetics, and
growth of fish. 175-214. In S.1). Gerking (ed.}
‘The Biological basis of freshwater fish produc-
tion”. (Wiley & Sons Inc.: New York)

WELCH, H. E. 1968. Relationships between assimi-
fation ctficiencics and growth cfficiencies for
agualic consumrers, Eculogy 49; 755-759,

YOUNGBLUTH, M.J 1932, Utilization of a fzcal



308 MEMOIRS OF THE QUEENSLAND MUSEUM

mass as food by the pelagic mysis larva of the the animal kingdom with special regard to the
penaeid shrimp Solenocera atlantidis. Marine marine micro-fauna. Compte Rendu des
Biology 66: 47-51. Travaux du Laboratoire de Carlsberg, série

ZEUTHEN, E. 1947. Body size and metabolic rate in chimique 26; 19-161.



